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ARTICLE INFO ABSTRACT 


Purpose: Time-of-flight (TOF) MR angiography has an advantage of contrast and resolution in ultra-high 
field (7 T) MRI systems. However, increased specific absorption rate (SAR) prohibits the application of 
spatial saturation band, leading to venous contamination in maximum intensity projection (MIP) images. 
Methods: A segmented k-space filling scheme with sparse venous saturation pulses was developed for 7 T 
TOF-MRA. The effectiveness of the segmented TOF sequence was verified by Bloch equation simulation and 
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IT with vascular diseases. 

Venous suppression Results: Segmented TOF achieved equivalent contrast and venous suppression effect as conventional 
SAR methods, while SAR values had a remarkable reduction and obeyed the limit of a 7 T MRI system. The 


decreased number of saturation pulses allowed shorter acquisition time than existing solutions. The 
comparison of segmented TOF and conventional TOF revealed flow direction in vascular diseases. 

Conclusion: Segmented TOF is proved to be a time-efficient way to achieve high-resolution angiograms 
without venous contamination at ultra-high field. The sequence holds strong promise for non-contrast 


MR angiography 


clinical diagnosis on cerebrovascular diseases. 


© 2015 Elsevier Inc. All rights reserved. 


1. Introduction 


Currently, time-of-flight (TOF) is one of the most commonly used 
non-contrast MR angiography in clinic, especially for intracranial 
angiograms [1]. TOF-MRA uses a slab-selective 3-dimentional 
gradient echo sequence with TR much shorter than the longitudinal 
relaxation time (T,) of static tissue. Continuous radio frequency (RF) 
pulses with small flip angle (FA) are applied to suppress MR 
signals of stationary tissues or background, while inflowing blood 
with fully relaxed spins shows unsaturated high MR signal, resulting 
in a positive contrast of vessel to background. This technique has 
been proven to greatly benefit from the increased strength of 
static magnetic field Bo [2,3], because of longer Tı and higher signal 
noise ratio (SNR) in high field. The increase of T4, especially T4 of 
blood, enhances the vessel-to-background contrast; together 
with the improvement of SNR higher spatial resolution for 
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angiograph is possible. For this reason, study of ultra-high field MRA 
is an active area of work [4-6], for more detailed visualization of 
intracranial vessels. 

To remove venous contamination in subjects, clinical TOF 
protocols at Bo < 3 T typically use power-intensive spatial saturation 
pulses to minimize venous signal [2,7,8]. The tracking venous 
saturation band is applied to the distal end of an imaging slab, so 
that only up-flowing arterial blood has a high-intensity signal in final 
images. However, since the specific absorption rate (SAR) increases 
with Bo, TOF-MRA at 7 T cannot use normal large-FA saturation band 
in the protocol as in the lower field MR system. Consequently, TOF 
angiograms at 7 T were often obtained without venous saturation 
[3,9], or with compromised thickness of saturation band [10]. Some 
studies used the variable-rate selective excitation (VERSE) pulse 
instead of sinc pulses for venous saturation; meanwhile, small-FA 
pulse was used for saturation to reduce SAR in TOF-MRA at 7 T 
[11,12]. A previous study used fractional amounts of RF pulses to 
reduce the SAR of magnetization transfer pulses [13]. But similar 
methods were not reported in spatial saturation band. In our study, 
we proposed a way of reducing SAR for TOF-MRA sequences by 
reducing the number of RF pulses of a saturation band, which is 
called segmented TOF with sparse saturation pulses. SAR can be 
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significantly reduced by the new method; even faster acquisition is 
possible by shortening the TR of the sequence but still keeping the 
SAR value within the safe range. Artery pulsation artifacts can be 
further reduced by the segmentation technique since the k-space is 
not filled periodically. The segmented TOF on 7 T MRI was further 
applied for clinical applications on cerebrovascular diseases, enrich- 
ing diagnostic information with high-resolution. 

This paper firstly verifies the venous saturation effect of 
segmented TOF both by simulation of Bloch Equation and experi- 
ments on 3 T, then followed by examinations on 7 T; SAR values are 
compared between segmented TOF and conventional methods as 
well. Finally, some clinical images of segmented TOF on 7 T are 
presented and evaluated with the help of two neurologists from 
Beijing Tiantan Hospital. 


2. Material and methods 


Experiments were performed on a whole body 3 T system and a 
whole body 7 T system. Both scanners were manufactured by 
Siemens Medical Solutions (Erlangen, Germany). The 3 T Tim Trio 
scanner was equipped with a volume coil for transmitting and a 
12-channel phased-array head coil for receiving. In the 7 T 
Magnetom scanner, a homemade 8-channel phased-array head coil 
was used for both transmitting and receiving [14]. Healthy 
volunteers aged 20-28 years were recruited from college students. 
3 patients with cerebrovascular diseases were provided by Beijing 
Tiantan Hospital. Before the experiments, all the healthy volunteers 
and patients had signed a consent form approved by the local 
institutional review board. 


2.1. Sequence 


In conventional TOF at 7 T, the SAR contribution of venous 
saturation pulses to the sequence can be up to 5 times of the SAR 
contributed by excitation pulses. The extremely high SAR is 
attributed to the short TR (e.g., 20 ms), the high FA (e.g., 90°) and 
the multiple side-lobes (e.g., 6 lobes) of sinc pulse for venous 
saturation. The multiple side-lobes are necessary for assuring the 
rectangular profile of saturation band, so that the imaging slab is not 
mis-excited during the venous saturation phase. The FA of 90° is 
used to tip the magnetization fully to the transverse plane, ensuring 
the saturation effect of venous blood. However, the time interval of 
saturation pulses can be prolonged, considering the limited flow 
speed in intracranial veins and the longer T; of blood at By = 7 T. 
The typical velocity of Superior Sagittal Sinus (SSS) is 9.8 cm/s [15]. 
The thickness of a saturation band is often set to 40 mm. A spin of 
venous blood flowing through the saturation band will be tipped 20 
times by 90° pulses, given the TR of 20 ms. For this reason, we think 
the venous saturation pulses are redundant and might be possible to 
be sparser, so that the duty cycle of venous saturation pulses can be 
reduced resulting in less energy deposition, i.e. small SAR value. 

The sequence is implemented by one venous saturation pulse 
followed by several excitation pulses, so that the k-space is 
segmented filled, that is why we name it segmented TOF. The 
k,-k, plane in k-space is divided into several segments. The newly 
acquired k-space line will be filled into the segments successively. 
Fig. 1a illustrates the sequence of sparse venous saturation pulses in 
segmented TOF. Compared with conventional TOF which applies 
saturation pulses every time before imaging excitation pulse, 
segmented TOF saturates venous signal only before the first imaging 
excitation pulse in all segments. In this way, the SAR contributed by 
venous saturation pulses is reduced to 1/(number of segments) 
compared with ordinary TOF. 

With the segmentation concept, repetition time without a 
saturation pulse is TR; in Fig. 1a, but repetition time with one 


saturation pulse inserted is TR, which is longer than TR;. As 
comparison, TR of conventional TOF is the same between excitations. 
In general, the averaged TR between every two excitation pulses 
in segmented TOF is shorter because of sparse saturation pulses, 
which makes it capable of finishing more excitation and acquisition 
within a certain time (see Fig. 1a). Compared with previous studies 
employing VERSE or low-FA RF pulses for SAR reduction [11,12], 
segmented TOF results in a shorter acquisition time that is valuable 
in clinical MRA examination, which will be illustrated in later 
sections. The existence of TR; and TR leads to a signal fluctuation 
when consecutive excitation pulses are applied, as shown in Fig. 1b. 
As a result, allocating different fluctuated signals to different k-space 
will most likely affect vessel-to-background ratio (VBR) in final 
images. Hence 3 schemes of k-space filling for segmented TOF are 
designed in Fig. 1c. The numbers (@-@) in Fig. 1a-c represent 
the order of data collected in the k,-k, plane after one venous 
saturation pulse. 


2.2. Simulation 


To explore the effectiveness of sparse venous saturation pulse in 
segmented TOF, blood signal in veins was simulated with Bloch 
equation when saturation pulses were applied. The number of 
segments was chosen as 3 and 5, which reduced the SAR of 
saturation pulses to 1/3 and 1/5 of conventional TOF. Meanwhile, a 
simulation of conventional venous saturation pulse with reduced FA 
was conducted for comparison. Since SAR is proportional to the 
square of FA of RF pulses [16] when duration of pulse is the same, the 
FAs of conventional venous saturation pulses were reset to 52° and 
40°, corresponding to the same SAR level in segments of 3 and 5. The 
total simulation time was 816 ms, which is approximately twice the 
time for venous blood flowing from the top to the bottom of a 
saturation band (saturation band thickness = 40 mm, venous blood 
velocity = 9.8 cm/s [15]). Other parameters in the simulation were: 
Tı = 2587 ms [17], Tz = 13 ms [18], FA of excitation = 18°, 
averaged TR = 20 ms. 


2.3. Scanning and protocol optimization 


In Table 1, we listed all the experiments conducted in the study. 
Due to the SAR limitation, conventional TOF with full saturation 
pulses cannot be applied in vivo on a 7 T MR scanner. Accordingly, 
Exp. 1 was performed on a 3 T MR scanner to compare the saturation 
effect of full saturation pulses (conventional TOF) with that of sparse 
saturation pulses (segmented TOF). 4 young healthy volunteers were 
recruited for the experiment. A single slab perpendicular to SSS was 
acquired for a good demonstration of venous flow. The images with 
normal venous saturation were acquired by a clinical TOF sequence. 
The number of segments (Seg) in segmented TOF ranged from 3 to 9, 
while FAs of saturation pulses were kept constant as 90°. The 
remaining parameters in conventional TOF and segmented TOF were 
the same: dimension = 3D, excitation FA = 18°, averaged TR = 
20 ms, FOV = 200*181 mm?, base resolution = 384, slab = 1, 
slices = 48, slice thickness = 0.7 mm, no parallel imaging tech- 
nique was applied. Signal intensity of vein and background were 
extracted for calculation. The region of interest (ROI) of vein was put 
in SSS, and the ROI of background was located nearby. The ratio of 
venous and background signal (venous VBR, vVBR) was calculated 
and used as the indicator of venous saturation effect. 

Three experiments were designed for the 7 T MR scanner to 
compare with simulation, optimize the ordering of segments and 
explore clinical applications, respectively. In Exp. 2, images of 
segmented TOF with sparse saturation pulses and of conventional 
TOF with low-FA saturation pulses were acquired and compared. 14 
volunteers aged between 20 and 28 were recruited for statistical test. 
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Fig. 1. The illustration of segmented TOF. a: The diagram of RF pulses in segmented TOF and conventional TOF. b: Signal fluctuation introduced by unequal TRs in segmented TOF. 


c: K-space filling orders to allocate signals in a and b. 


The number of segments varied from 3 to 13; correspondingly the 
FAs in conventional TOF were 52°, 40°, 34° and 30°. Averaged TR = 
25 ms, imaging pulse FA = 19°; other parameters are: FOV = 
220*174 mm?, base resolution = 512, slab = 1, slices = 48, slice 
thickness = 0.5 mm, GRAPPA acceleration factor = 2 in phase 


Table 1 
An overview of the experiments in the study. 
Exp. Scanner Purpose Key parameters Sample 
size 
1 3T To test the effect of sparse No saturation, full 4 
venous saturation, saturation and sparse 
compared with full saturation with 
saturation. Seg =3~9, 
2 7T To demonstrate and No saturation, sparse 14 
verity the superiority to saturation with 
low-FA saturation in Seg = 3 ~ 13 and 
compliance with low-FA saturation. 
simulation. 
3 7T To optimize the ordering Sparse saturation with 4 
of segments. Seg = 5 and various 
k-space reordering scheme. 
4 TT To explore clinical Sparse saturation with 4 


applications. Seg = 5. 


* Including 1 volunteer and 3 patients. 


encoding direction. vVBRs of SSS and its surrounding tissues were 
calculated and compared to reflect saturation efficiency. 

Exp. 3 was to find an optimum k-space filling scheme to 
maximize contrast between artery and background. As illustrated 
in Fig. 1c, centric-up, ascending and up-centric k-space reordering 
schemes were used in the experiments [19]. The number of 
segments was set to 3, as it had a larger variation between TR; and 
TRo, and therefore the signal fluctuation was more obvious in Fig. 1b. 
Other parameters were the same as Exp. 2. 

Based on the results of the above experiments, an optimized 
protocol was employed for examinations in Exp. 4. Patients with 
cerebrovascular diseases were recruited. The number of segments 
was set to 5 for segmented TOF, because under this condition, the 
SAR value of the sequence is always within the safety limit for 
patients with various weights and shapes. Although it was reported 
that longer TR and larger FA (e.g. TR = 30 ms and FA = 25°) had 
better visualization for small vessels with slow-flowing blood [3], we 
chose TR = 20 ms and FA = 18° in our study. Because patients with 
cerebrovascular diseases could barely lie down still for 10 minutes in 
a 7 T MRI scanner, the total acquisition time needed to be limited to 
10 minutes. For TR = 30 ms, one could not achieve the 10-minute 
target, which caused additional motion artifacts in clinical scans; 
therefore, better visualization of small vessels was almost not 
possible for cerebrovascular patients. Conventional TOF with same 
parameters as segmented TOF except venous saturation pulses was 
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Fig. 2. Simulation of longitudinal magnetization of venous blood flowing through a 
saturation band. The bottom figure is a zoomed presentation for the main figure. 


employed for comparison on the same patient. The saturation effect 
of TOF images were examined by two clinical neurologists with 
separate assessments. 


3. Results 
3.1. Simulation 


Fig. 2 shows the simulation result of Bloch equation for saturated 
venous blood magnetization. The dotted lines represent segmented 
TOF with sparse venous saturation pulse of 90°, and the solid lines 
are conventional TOF with lower FAs for venous saturation pulse. The 
yellow line represents conventional TOF in which FA of venous 
saturation pulse is 52°, the SAR value of which is the same as 
segmented TOF with segments = 3 (yellow dotted line). The blue 
line represents saturation pulses with FA = 40°, which has the same 
SAR value like segmented TOF with segments = 5 (blue dotted line). 
The red line shows conventional TOF with FA of saturation pulses = 
90°, which serves as a reference of full saturation with the highest 
SAR level. At the beginning of saturation, the longitudinal magne- 
tization (M,) falls to the ground level immediately after the first 
90°saturation pulse is applied in segmented TOF, while the signal 
curve of conventional TOF declines slowly because of lower FAs. In 
the following saturation pulses, M,s of segmented TOF after 
saturation pulses keep lower than its corresponding lower-FA TOF 
most of the time, however the fluctuations of M,s in segmented TOF 
is More conspicuous than that in conventional TOF. For quantitative 
comparison, we calculated the averaged M,s in segmented TOF 
(sparse saturation) and conventional TOF (low-FA saturation) 
during the time between two saturation pulses in segmented TOF, 
which is listed in Table 2. 


3.2. Experiment 1 


To eliminate the mismatch of vessel position introduced by head 
motion between scans, all the TOF images are aligned to the 


Table 2 

Time-averaged M, of venous blood in segmented TOF (sparse saturation) and 
conventional TOF (low-FA saturation) with the SAR level of (a) segments = 3 (b) 
segments = 5. 


Time (ms) Sparse saturation Low-FA saturation Full saturation 
(a) 

2.6 ~ 62.6 0.0115 0.4129 0.0048 

722.6 ~ 782.6 0.0115 0.0158 0.0037 
(b) 

2.6 ~ 102.6 0.0191 0.4819 0.0054 

702.6 ~ 802.6 0.0191 0.0278 0.0037 


c) No Saturation Full Saturation 


Segments=3 Segments=5 


Segments=7 Segments=9 


® 
Fig. 3. Evaluation of venous saturation effect of segmented TOF at 3 T. a: The yellow 
block stands for the imaging slab, and the red block stands for saturation band. The 
yellow line indicates the slice position of Fig. 3b. b: The yellow box indicates the area 
and location shown in Fig. 3c. c: The zoomed view of SSS in different protocols. The 


red and yellow circles are the ROIs to calculate vVBR in Table 3. Venous signal 
enhanced with the increment of number of segments (pointed by the red arrows). 


conventional TOF without venous saturation, using FLIRT [20] in FSL 
[21]. From the multi-slice images, the slice that has clear morphology 
of SSS is chosen to demonstrate the effect of venous saturation. Fig. 3 
shows a typical slice position on one subject and zoomed views of 
SSS. Intuitively, segmented TOF with a low number of segments has a 
better performance on venous saturation, approximate to the 
conventional TOF with 90° venous saturation. For quantitative 
comparison, ROIs of SSS and its adjacent brain tissue are marked in 
Fig. 3c. VVBR and SAR of different protocols are listed in Table 3. With 
the number of segments increases, the signal of SSS gradually 
increases, but is always far below the background brain signal. 


3.3. Experiment 2 


With the same principle in drawing ROIs and calculating vVBRs, 
the effect of sparse saturation and low-FA saturation are compared in 
7 T TOF images. Fig. 4 shows vVBR averaged from 14 participants. 
The trend of vVBR from Seg = 3 to Seg = 13 is in accordance with 
the experiment at 3 T. With the same SAR value, venous signal is 
always suppressed better by segmented TOF with sparse saturation 
pulses than by conventional TOF with low-FA saturation pulses. The 
vVBR of segmented TOF is 4% ~ 19% less than the vVBR of 
conventional TOF. In each group, vVBR of segmented TOF with 
sparse saturation is significantly lower than that of conventional TOF 
with low-FA saturation (p < 0.05). 


3.4. Experiment 3 


To investigate the influence of signal fluctuations on segmented 
TOF images, the profile of a line across a peripheral artery is 
extracted to observe signals of blood and background in different 
k-space filling schemes, which is demonstrated in Fig. 5. The reason 
of choosing a peripheral vessel for investigation is that the flow 
velocity is relatively slow in it, so that the spins of blood experience 
more excitation pulses than aortas. Meanwhile, artery with slow 
flow velocity is more sensitive to different k-space filling schemes. 
FSL FLIRT [20,21] is used to align the mismatches between slices. The 
scanning and extraction were repeated for 3 times to minimize 
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Table 3 
The mean of vVBR and SAR in validation experiments on 3 T, with standard error in 
the bracket. 


No Sat. Full Sat. Seg=3 Seg=5 Seg=7 Seg=9 


VVBR 3.49(0.12) 0.33(0.02) 0.36(0.01) 0.39(0.01) 0.51(0.01) 0.59(0.02) 
SAR 22% 100% 46% 34% 31% `29% 


The SAR values were normalized to full saturation in every subject before average. 


measurement errors. The results are shown in Fig. 5a-c. It shows that 
no filling scheme is consistently better than the other two schemes, 
regarding signal intensities in 3 repeated scans. Therefore, there is no 
favorable filling scheme for the current protocol, when arterial VBR 
(aVBR) is chosen as evaluation index. 


3.5. Experiment 4 


The above experiments proved that segmented TOF can suppress 
venous blood signal without exceeding SAR limitation. A protocol 
shown in Table 4 was designed for clinical patient scanning. 6 slabs 
were used to cover the whole brain. The number of segments was 
set to 5 in order to have a good balance between SAR and venous 
suppression. This protocol was tested on healthy volunteers. 
Images of maximum intensity projection (MIP) are shown in 
Fig. 6a. In these images, venous signal is well suppressed without 
loss of arterial signal. Fig. 6b shows single-slice images where the 
pulsation artifact is ameliorated in segmented TOF with the centri- 
c-up k-space filling scheme. 

The same protocol was used for patient examination. Fig. 7a 
shows the skull-stripped images of a patient with venous malforma- 
tions. There are remarkable differences between the conventional 
TOF and the segmented TOF images. With venous saturation pulse, a 
large number of normal and malformed veins are suppressed in the 
segmented TOF images, while there are a lot of signal interfering 
between venous and arterial signal in conventional TOF images. 
Details are shown in the slab-MIPs, where the vessel pointed by the 
yellow arrow is an abnormal draining vein and disappears in the 
right image due to the venous saturation pulses in the segmented 
TOF sequence, while the vessel indicated by the red arrow shows 
consistent intensity in the two images. In Fig. 7b-c, images from two 
cases of cavernous malformation are shown. In Fig. 7b, the flow 
originated from the focus is obviously crippled in segmented TOF. 
However, no such flow signal is observed in Fig. 7c. 


Sparse Saturation 
1.0h[ ]Low-FA Saturation 


aSegments 3 5 7 9 11 13 
oFlip Angle 54° 40° 34° 30° 21° 25° 
SAR 100% 78% 68% 63% 60% 57% 
(* p<0.05, ** p<0.01, ** p<0.001) 


Fig. 4. Averaged vVBR at 7T TOF, with sparse and low-FA saturation pulses 
respectively. The corresponding SAR values are firstly normalized to the condition 
of Seg = 3/FA = 54° and secondly averaged among all subjects. 
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Fig. 5. Signal curves of a peripheral artery and its surroundings with different k-space 
filling schemes in segmented TOF. a,b,c: Signal curves of the extracted line in 3 scans. 
d: The position of the extracted line. 


4. Discussion 
4.1. Saturation effect 


The merit of segmented concept is reducing SAR by cutting 
down number of venous saturation pulses. However, the most 
important precondition is that venous suppression effect cannot be 
compromised. The simulation of Bloch equation in Fig. 2 reveals 
that the evolution of longitudinal magnetization in sparse 
saturation follows closely with that of fully applied saturation. 
Both scenarios can reach steady state quickly, while low-FA 
saturation solution needs more saturation pulses before steady 
state is reached. It is advantageous of using 90° pulses to tip the 
longitudinal magnetization into steady state. This feature is 
propitious to suppress venous blood signal experiencing fewer 
saturation pulses, such as signal of flows originating near the 
imaging slab. Compared with low-FA saturation, sparse saturation 
brings about 97% (Seg = 3) and 96% (Seg = 5) reduction of M, at 
the beginning of saturation. Nevertheless, the practical venous 
signal is a mixture of all the blood spins flowing through the 
saturation band and therefore only 4% ~ 19% reduction of vVBR is 
observed in volunteer scan (see Fig. 4). 


4.2. Signal fluctuation 


The sparse saturation pulses introduce signal fluctuations, to both 
saturated venous signal and excited arterial signal. The larger the 
segment number, the longer the recovery time for the venous blood 
signal, so the net longitudinal magnetization of venous signal in 
segmented TOF after the saturation pulse is larger than that of 
conventional TOF with full saturation pulses (Table 2). However, the 
residual venous signal in segmented TOF is much lower than low-FA 
saturation at the same SAR level, although there is signal fluctuation 
introduced by segmentation concept. 

The arterial signal fluctuation occurs when the repetition time of 
the last segment becomes longer than others (see Fig. 1a), in another 
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Table 4 
The protocol of segmented TOF for clinical scanning. 


FA 18° Field of view 210*164*115 mm? 
Segments 5 Resolution 0.32*0.32*0.40 mm? 
Averaged TR 20 ms Phase partial fourier 6/8 

Slabs 6 Slice partial fourier 7/8 

Slices per slab 48 GRAPPA acceleration factor 3 


Slice over sampling 25% GRAPPA reference lines 46 


word, when the duration of one segment cannot include a saturation 
and an excitation, that is 


Tsar + Texc+aco >Averaged TR 


where Tsar is the duration of saturation, and Tgxc + aco is the duration 
of excitation and subsequent acquisition. Since the saturation pulse 
only occurs before the first segment in segmented TOF, the difference 
in TR is attenuated with the increase of segment number. In our 
sequence, the relaxation time was evenly distributed after each 
excitation, which avoid potential ringing artifacts in TOF images. 


Conventional TOF 
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Due to the arterial signal fluctuation, various k-space filling 
schemes might produce intensity difference in images. However, in 
practical scans, different k-space filling schemes show similar aVBR 
in final images. This could be due to the fact that the signal 
fluctuation is extremely tiny (2.52% in segments = 3 and 0.38% in 
segments = 5, smaller in higher number of segments). The effect of 
k-space filling scheme may be concealed by flow change (caused by 
cardiac pulsation), partial k-space acquisition, noise and other 
factors. In another aspect, the signal of segmented TOF is not smaller 
than conventional TOF, so the aVBRs of segmented TOF and 
conventional TOF have no significant differences. 


4.3. Artifact amelioration 


Because of the more severe By inhomogeneity in ultra-high field 
MRA, high resolution TOF-MRA is frequently degraded due to 
pulsation artifacts [22]. There is some evidence that pulsation 
artifacts in TOF images can be minimized by acquiring 3D-TOF data 
with a random k-space acquisition scheme [23]. In segmented TOF, 
the intervals of adjacent two k-space lines are not identical but 
depend on the k-space filling scheme, while they are always the 


Segmented TOF 


Fig. 6. Images of conventional TOF without venous saturation and segmented TOF with venous saturation, acquired from a healthy volunteer at 7 T. a: Transverse and coronal MIP 


images. b: Single-slice images indicate pulsation artifact reduction in segmented TOF. 


Z. Zhang et al. / Magnetic Resonance Imaging 33 (2015) 1043-1050 


Conventional TOF 


iy 
~ 


Segmented TOF 


Transverse MIP 


a 
= 
T 
È 
2 
O 
O 


Transverse Slab-MIP 


1049 


b) Conventional TOF Segmented TOF 


Sagittal 


Transverse 


Conventional TOF Segmented TOF 


Sagittal 


Transverse 


Fig. 7. Skull-stripped conventional TOF and segmented TOF images of cerebrovascular diseases at 7 T. a: A case of venous malformation. The yellow arrows indicate malformed 
vessels suppressed by segmented TOF, while the red arrows indicate vessels with consistent intensities. b: Slab-MIPs of a cavernous hemangioma case with a draining vein 
(pointed by the yellow arrows). c: Slab-MIPs of a cavernous hemangioma case without a draining vein. The purple arrows in b and c indicate location of focus. 


same in conventional TOF. Furthermore, the non-equivalent TRs in 
segmented TOF weaken the periodical motion of pulsation in k-space 
data sampling. As a result, pulsation artifact is greatly reduced in 
segmented TOF which is observed in the experiment image in this 
work. Although pulsation artifacts are not intense enough to be 
observed in MIP images, minimizing pulsation artifacts can avoid 
misjudgments when single-slice images are investigated. 


4.4. Time efficiency 


Unlike modification of FA or substitution of saturation pulses, our 
segmented TOF achieves good performance on venous suppression 
by employing fewer saturation pulses. The reduction of saturation 
pulses not only reduces the SAR, but also decreases the time of 
venous saturation to 1/segments of the usual. This is valuable 
especially on shortening total scan time in high-resolution TOF-MRA, 
because higher resolution requires bigger spoiler gradient after data 
sampling in readout axis in order to completely spoiling the residual 
transverse magnetization [16]. The longer readout and spoiling time 
result in longer duration of excitation. If pulses with lower SAR (e.g. 
VERSE in [11,12]) is used to replace normal sinc pulses for venous 
saturation, the TR is even longer. When a venous saturation pulse is 
applied prior to every imaging excitation pulse, it is impossible to 
achieve a short TR. For example, with an ultra-high resolution of 
0.3*0.3*0.5 mm? and venous saturation band enabled, the minimal 
TR of low-FA or VERSE saturation pulses is 24 ms, which is longer 
than the optimized TR of 20 ms with excitation FA of 18°. 
Nevertheless, the minimal averaged TR of segmented TOF with 
saturation pulses applied every 5th interval is 15.4 ms, therefore TR 


of 20 ms can be easily reached within the safety limit of SAR. In this 
way, we can obtain whole brain vein-suppressed TOF images with 
ultra-high resolution (0.3*0.3*0.5 mm?) within 10 minutes. This 
total acquisition time is more economic than previous studies [11], 
which will greatly benefit clinical examinations on patients at 7 T 
MRI systems. 


4.5. Clinical significance 


As is well known, TOF without venous contamination shows 
clearer arterial morphology in MIP images, especially in coronal MIP 
as the SSS is located in the middle of rear brain. Therefore, venous 
saturation implemented by segmented TOF at 7 T MRI system filters 
out redundant venous signal for better depiction of arteries. SAR 
problem is avoided; features of 7 T TOF, such as higher SNR and 
resolution can be fully utilized to achieve better intracranial MRA. 

Moreover, the time efficiency provided by sparse saturation 
pulses with short TR makes it possible for acquiring TOF images with 
and without venous saturation in one patient. For patients with 
cerebrovascular diseases, the comparison between high-resolution 
segmented TOF and TOF images can provide further information 
about cerebral blood flow. As shown in Fig. 7a, discriminative 
saturation effects occur in the malformed vessels in the left brain of a 
venous malformation patient. Since the saturation band is applied 
above the imaging slab, the saturation difference reveals that the 
yellow-arrow indicated vessel has a downward blood flow, while the 
red-arrow indicated branch flows upward. This helps to analyze the 
direction of blood flow, especially when there is no digital 
subtraction angiography, which is an invasive technique. In the 
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diagnosis of cavernous hemangioma, the existence of draining veins 
is of great interest. In Fig. 7b, the blood signal attenuated in 
segmented TOF suggests that it be a draining vein rising in the focus 
and flowing downward. In contrast, there is no such draining vein in 
Fig. 7c for there is no vessel suppressed in segmented TOF than 
conventional TOF. 


5. Conclusion 


A way of venous saturation was implemented for TOF at 7 T MRI 
in which conventional saturation method does not work due to 
exceeding of SAR limitation. The method was proved to be efficient 
in suppressing venous blood signal in 7 T TOF images as well as 
conventional TOF on 3 T MR systems. Compared with previously 
proposed solutions, segmented TOF with sparse saturation has a 
better performance in saturation effect. With improvement of 
venous saturation efficiency, the averaged TR can be further 
shortened to allow faster acquisition of high-resolution TOF without 
venous contamination. This method provides not only better arterial 
angiogram, but also auxiliary information for clinical diagnosis on 
flow direction when comparing with conventional TOF. 
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